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(57) ABSTRACT

The present invention provides a method for producing a
fluorine-containing alkane, which comprises reacting at least
one fluorine-containing compound selected from the group
consisting of chlorine-containing fluoroalkanes and fluorine-
containing alkenes with hydrogen gas in the presence of
catalysts, wherein two or more catalysts having different
catalytic activities are used, and the fluorine-containing com-
pound and hydrogen gas, which are starting materials, are
sequentially brought into contact with the catalysts in the
order of the catalyst having a lower catalytic activity followed
by the catalyst having a higher catalytic activity. According to
the present invention, in the method for producing a fluorine-
containing alkane by using chlorine-containing fluoroalkane
or fluorine-containing alkene as a starting material, and sub-
jection it to a reduction reaction or a hydrogen addition reac-
tion, the objective fluorine-containing alkane can be pro-
duced with high productivity.

4 Claims, No Drawings
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METHOD FOR PRODUCING
FLUORINE-CONTAINING ALKANE

This application is a U.S. national stage of International
Application No. PCT/JP2011/053551 filed Feb. 18, 2011.

TECHNICAL FIELD

The present invention relates to a method for producing
fluorine-containing alkane.

BACKGROUND ART

Fluorine-containing alkane is useful for various kinds of
applications, such as a reaction intermediate, foaming agent,
coolant and the like.

As an example of a known method for producing fluorine-
containing alkane, fluorine-containing olefin is reduced at
room temperature using a palladium catalyst (see Non Patent
Literature 1 below). Another method is also reported wherein
CF;CF—CF, is reduced by hydrogen through a liquid phase
reaction using BaSO,, a palladium catalyst supported on
activated carbon, etc. (see Patent Literature 1 below).

However, in order to achieve a high selectivity of the target
fluorine-containing alkane in these methods, the reaction rate
needs to be slowed down; therefore, it is impossible to pro-
duce fluorine-containing olefin efficiently on an industrial
scale.

Patent Literature 2 below discloses a method for producing
fluorinated propane, through a multistep reaction, using fluo-
rine-containing olefin as a starting material by reacting it with
hydrogen or a like reducing agent in the presence of a catalyst.
A preferable embodiment of this method is such that the
reaction is suppressed using only a small amount of catalyst at
the initial stage of reaction and then the amount of the catalyst
is gradually increased. It is said that this method achieves a
high conversion rate and selectivity at a relatively high pro-
duction speed.

However, in the method disclosed in Patent Literature 2,
the amount of heat generated by the reaction becomes unduly
large; therefore, removal of heat is necessary by a method, for
example, that employs a reactor equipped with a jacket and
removes heat using a refrigerant, or other means for cooling
the reaction mixture, such as the use of an internal cooling
coil, introduction of a diluent into the reaction mixture for
additional cooling, and the like. This makes the structure of
the reaction apparatus complicated. Furthermore, in order to
avoid an excessive temperature rise, control of the introduc-
tion speed of the starting material compound becomes nec-
essary, and this entails a reduction in the production efficiency
of the target fluorine-containing alkane.

CITATION LIST

Patent Literature

PTL 1: Japanese Unexamined Patent Publication No. 1996-
165256

PTL 2: Japanese Unexamined Patent Publication No. 2008-
162999
Non Patent Literature

NPL 1: Izvest. Akad. Nauk S. S. S. R., Otdel. Khim. Nauk.
(1960), 1412

SUMMARY OF INVENTION
Technical Problem

The present invention has been accomplished in view of the
foregoing problems found in the prior art. A main object of the
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present invention is to provide a method for producing fluo-
rine-containing alkane with high production efficiency in the
method of using chlorine-containing fluoroalkane or fluo-
rine-containing alkene as a starting material, and reacting it
with hydrogen gas.

Solution to Problem

The present inventors conducted extensive research to
achieve the above-described object. As a result, they found
the following. When chlorine-containing fluoroalkane or
fluorine-containing alkene is reacted with hydrogen gas to
conduct a hydrogen addition reaction or a reduction reaction
by hydrogen, the temperature rise during the reaction can be
suppressed without reducing the conversion rate or selectivity
by using a plurality of catalysts having different catalytic
activities in such a manner that the first stage of the reaction is
conducted under the presence of the catalyst having the low-
est activity followed by multistep reactions using catalysts
having sequentially higher catalytic activity in each step. As a
result, the speed of introducing the starting materials can be
increased and the production efficiency can be greatly
improved. The present invention has been accomplished on
the basis of this finding.

Specifically, the present invention provides the following
method for producing fluorine-containing alkane.

Item 1. A method for producing fluorine-containing alkane
comprising reacting at least one fluorine-containing com-
pound selected from the group consisting of chlorine-con-
taining fluoroalkanes and fluorine-containing alkenes with
hydrogen gas in the presence of a catalyst,

wherein two or more types of catalysts having different
catalytic activities are used, and said at least one fluorine-
containing compound and hydrogen gas, which are starting
materials, are sequentially contacted with the catalysts in the
order of lower to higher catalytic activity.

Item 2. The method according to Item 1, which uses a
reaction apparatus in which two or more reaction tubes
charged with catalysts having different catalytic activities are
connected in series.

Item 3. The method according to Item 1 or 2, wherein each
catalyst is one containing a noble metal component supported
on a carrier.

Item 4. The method according to any one of Items 1 to 3,
wherein the noble metal is at least one member selected from
the group consisting of Pd, Pt, Ru and Rh, and the carrier is at
least one member selected from the group consisting of acti-
vated carbon, porous alumina silicate, aluminum oxide, sili-
con oxide, titanium oxide, zirconium oxide, zinc oxide and
aluminum fluoride.

Item 5. The method according to Item 3 or 4, wherein the
catalysts having different catalytic activities are those con-
taining identical noble metal components supported on iden-
tical carriers with different supporting amounts, and the fluo-
rine-containing compound and hydrogen gas, which are
starting materials, are sequentially contacted with a catalyst
containing a smaller amount of noble metal component to a
catalyst containing a larger amount of noble metal compo-
nent.

Item 6. The method according to any one of Items 1 to 5,
wherein the chlorine-containing fluoroalkane is at least one
member selected from the group consisting of:

a compound represented by Formula (1):

RY—CCly iy H, Fi—CCly (5 HF,—CCly
HF
oFr
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wherein R! is a alkyl group, a hydrogen atom, a fluorine
atom, or a C,_, fluoroalkyl group that may contain a chlorine
atom(s); n, m, o and p are each individually an integer of O
to 2; q and r are each individually an integer of 0 to 3, with
the proviso that n+ms=2, o+p=<2, q+r=<3, and n+m+o+p+q+
r=6; provided that when R" is neither a fluoroalkyl group nor
a fluorine atom, the sum of m, p and r is 1 or greater; and
a compound represented by Formula (2):

CCly (qyHoF 5—CCly (o iy H Fy

wherein a, b, ¢ and d are each individually an integer of O to
3, a+b=3, c+d=3, b+dz1, and a+b+c+d<5; and

the fluorine-containing alkene is a fluorine-containing
alkene represented by Formula (3):

R}Y!C—=CY?R*

wherein R® and R* may be the same or different and each
represents a C,_, alkyl group, a hydrogen atom, a fluorine
atom, a chlorine atom, or a C,_, fluoroalkyl group that may
contain a chlorine atom(s); Y and Y* may be the same or
different and each represents a hydrogen atom, a fluorine
atom or a chlorine atom; with the proviso that when R® and
R* are neither a fluoroalkyl group nor a fluorine atom, at
least one of Y* and Y? is a fluorine atom.

Item 7. The method according to any one of Items 1
to 6, wherein the chlorine-containing fluoroalkane is a
compound represented by Formula (1-1): Rz—CC12_(].+k)
HF,—CCl; ¢, ,H,F, wherein R? is a C,_; alkyl group, a
hydrogen atom, a fluorine atom, or a C,_; fluoroalkyl group
that may contain a chlorine atom(s); j and k are each
individually an integer of 0 to 2; 1 and t are each individually
an integer of 0 to 3; j+k=2; 1+t=3; and j+k+l+t=4; with the
proviso that when R? is neither a fluoroalkyl group nor a
fluorine atom, the sum of k and t is 1 or greater; and

the fluorine-containing alkene is a compound represented
by Formula (3-1): R°CY*—CY*Y?

wherein R’ is a hydrogen atom, a C,_,alkyl group, or a
C, 5 fluoroalkyl group; Y>, Y* and Y> may be the same or
different and each represents a hydrogen atom or a fluorine
atom; with the proviso that when R’ is not a fluoroalkyl
group, at least one of Y and Y* is a fluorine atom.

The production method of the present invention is
explained in detail below.

Starting Material Compound

In the present invention, at least one fluorine-containing
compound selected from the group consisting of chlorine-
containing fluoroalkanes and fluorine-containing alkenes is
used as a starting material.

The chlorine-containing fluoroalkanes are not particularly
limited and examples thereof include a compound repre-
sented by Formula (1):

R'—CCly 4 myHFpi—CCL 5 ) HF,—CCl3 1
o
wherein R! is a C, _, alkyl group, a hydrogen atom, a fluorine
atom, or a C, _, fluoroalkyl group that may contain a chlorine
atom(s); n, m, o and p are each individually an integer of O
to 2; q and r are each individually an integer of 0 to 3, with
the proviso that n+ms=2, o+p=<2, q+r=<3, and n+m+o+p+q+
r=6; provided that when R" is neither a fluoroalkyl group nor
a fluorine atom, the sum of m, p and r is 1 or greater; and
a compound represented by Formula (2):

CC13—(a+b)Han4CC13—(c+d)Hch
wherein a, b, ¢ and d are each individually an integer of O to
3, a+b=3, c+d=3, b+d=1, and a+b+c+d=5.

Among the groups represented by R! in Formula (1),
fluoroalkyl groups that may contain a chlorine atom(s)
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include linear or branched fluoroalkyl groups having about
1 to 4 carbon atoms that may contain up to 8 chlorine atoms.
Specific examples of the fluoroalkyl groups include a per-
fluoroalkyl group and a fluoroalkyl group that contains 1 to
8 fluorine atoms. Among the groups represented by R’,
examples of alkyl groups include a methyl group, an ethyl
group, an n-propyl group, an isopropyl group, an n-butyl
group, a sec-butyl group, a tert-butyl group and like linear or
branched alkyl groups.

Among the chlorine-containing fluoroalkanes represented
by the above formula, a preferable compound is as shown
below.

R?—CCly ;o HF—CCls 1, o HF, Formula (1-1)

wherein R? is a C,_; alkyl group, a hydrogen atom, a fluorine
atom, or a C, _; fluoroalkyl group that may contain a chlorine
atom(s); j and k are each individually an integer of 0 to 2;
1 and t are individually an integer of 0 to 3; j+k=2; 1+t<3;
and j+k+l+t=4; with the proviso that when R? is neither a
fluoroalkyl group nor a fluorine atom, the sum of k and t is
1 or greater.

Examples of C,, alkyl groups represented by R? in
Formula (1-1) include a methyl group, an ethyl group, a
propyl group, an isopropyl group and the like. Examples of
C, _; fluoroalkyl groups that may contain a chlorine atom(s)
include the aforementioned alkyl groups having 1 to 7
fluorine atoms and O to 2 chlorine atoms substituted thereon.

Examples of chlorine-containing fluoroalkanes repre-
sented by Formula (1-1) include CH;CF,CH,CI,
CH,CH,CF,CH,C], CF;CH,CI, CF;CHCICH,F,
CF,CICH,CFCICF,, CH,CFCICH,, CF;CH,CHCICCL,F,
CH,CHFCFHCI, CF,CHCICHFCF,Cl, CCIHFCH,F and
the like.

An example of a fluorine-containing alkene includes a
compound represented by the following formula:

RY'C—CY?R* Formula (3)

wherein R® and R* may be the same or different and each
represents a C,_, alkyl group, a hydrogen atom, a fluorine
atom, a chlorine atom, or a C, _, fluoroalkyl group that may
contain a chlorine atom(s); be the same or different and each
Y! and Y* may represents a hydrogen atom, a fluorine atom,
or a chlorine atom; with the proviso that when R® and R* are
neither a fluoroalkyl group nor a fluorine atom, at least one
of Y! and Y? is a fluorine atom.

In Formula (3), examples of fluoroalkyl groups and alkyl
groups represented by R* and R* include the same groups as
those represented by R'. Among the compounds represented
by Formula (3), a compound shown below is preferable.

RCY*—CY*Y® Formula (3-1)

wherein R® is a hydrogen atom, a C,_; alkyl group, oraC, _,
fluoroalkyl group; Y>, Y* and Y> may be the same or
different and each represents a hydrogen atom or a fluorine
atom; with the proviso that when R’ is not a fluoroalkyl
group, at least one of Y and Y* is a fluorine atom. Examples
of alkyl groups and fluoroalkyl groups represented by R’ in
Formula (3-1) are the same as those represented by R2.

Specific examples of fluorine-containing alkenes repre-
sented by Formula (3-1) include the compounds represented
by chemical formulae CF,CF—CF,, CF,CH—CFH,
CH,CF,CF—CH, and the like.
Catalyst

In the present invention, the catalyst is not particularly
limited and any catalysts can be used as long as they are
active in an addition reaction of hydrogen gas to an alkene
compound or a hydrogen substitution reaction of a chlorine-
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containing compound with hydrogen gas. It is particularly
preferable to use a catalyst comprising a noble metal com-
ponent supported on a carrier.

Examples of the noble metals usable as catalytic compo-
nents include Pd, Pt, Ru and Rh. Examples of carriers
include activated carbon, porous alumina silicate repre-
sented by zeolite, aluminum oxide, silicon oxide, titanium
oxide, zirconium oxide, zinc oxide, aluminum fluoride, a
mixture of one or more of these carrier components, a
composite of one or more of these carrier components,
which are structurally combined, and the like.

The amount of noble metal supported on the carrier is not
limited, and, for example, preferably the amount of the noble
metal supported is about 0.001 to 50% by weight, more
preferably about 0.001 to 20% by weight, and particularly
preferably 0.01 to 10% by weight, based on the total weight
of the catalyst supporting noble metal.

The method for preparing the catalyst is not particularly
limited. An example of the method for preparing a catalyst
comprising a noble metal component supported on a carrier
is as below. That is, activated carbon or a like carrier is
immersed in a solution containing a metal salt to impregnate
the carrier with the solution, if necessary, followed by
neutralization, sintering or a like operation, thereby obtain-
ing the catalyst comprising a noble metal component sup-
ported on a carrier. The amount of the noble metal supported
can be suitably controlled by adjusting the impregnation
method, such as the concentration of the metal salt in the
metal salt solution, the impregnation time, and the like.
Method for Producing Fluorine-Containing Alkane

The method of the present invention is to produce fluo-
rine-containing alkane using at least one fluorine-containing
compound selected from the group consisting of the afore-
mentioned chlorine-containing fluoroalkanes and fluorine-
containing alkenes as starting materials and reacting the
starting materials with hydrogen gas in the presence of a
catalyst.

Among the chlorine-containing fluoroalkanes, when a
chlorine-containing fluoroalkane represented by Formula
(1):R'—CCl,.,,,.,HF,—CCL,_,,  HF,—CCl, ., HF,
(wherein R', n, m, o, p, q and r are the same as above) is used
as a starting material, a fluorine-containing alkane repre-
sented by Formula: Rl—CHz_mFm—CHz_pFP—CH3_,F,
(wherein R', m, p and r are the same as above) can be
produced by a substitution reaction of hydrogen for a
chlorine atom(s). When a chlorine-containing fluoroalkane
represented by Formula (2): CCly ,,,\H.F,—CCl; .,
H_F, (wherein a, b, ¢c and d are the same as above) is used
as a starting material, a fluorine-containing alkane repre-
sented by Formula: CH;_,F,—CH;_JF, (wherein b and d are
the same as above) can also be produced by the substitution
reaction of hydrogen for a chlorine atom(s). For example,
when a compound represented by Formula (1-1): R*—
CCl,_;,»HF,—CCly_,, JHF, (Wherein R?, j, k, 1 and t are
the same as above) is used as a starting material, a fluorine-
containing alkane represented by Formula: R*—CH,_,F,—
CH,_F, (wherein R?, k and t are the same as above) can be
produced by a hydrogen substitution reaction.

Among fluorine-containing alkenes, when a fluorine-
containing alkene represented by Formula (3):
R*Y'C—=CY?R* (wherein R?, R*, Y and Y? are the same as
above) is used as a starting material, a fluorine-containing
alkane represented by Formula: R*Y'CH—CHY?R*
(wherein R®, R*, Y! and Y2 are the same as above) can be
produced by an addition reaction of hydrogen gas. For
example, when a fluorine-containing alkene represented by
Formula (3-1): R*CY*=CY*Y" (wherein R®, Y, Y*and Y?
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are the same as above) is used as a starting material, a
fluorine-containing alkane represented by Formula:
R°CHY>—CHY*Y" (wherein, R’, Y*, Y* and Y° are the
same as above) can be produced.

In the method for producing fluorine-containing alkane of
the present invention, the use of a plurality of catalysts
having different catalytic activities is required. In this
method, it is necessary to conduct a multistep reaction by
contacting hydrogen gas and at least one fluorine-containing
compound selected from the group consisting of chlorine-
containing fluoroalkanes and fluorine-containing alkenes
with a catalyst having the lowest activity in the first stage of
the reaction, followed by contact thereof with a catalyst(s) in
the order of lower to higher catalytic activity. By employing
a multistep reaction method as described above, wherein a
plurality of catalysts having different catalytic activities are
used and the starting materials are contacted with a catalyst
in the order of lower to higher catalytic activity, the tem-
perature rise during the reaction can be suppressed without
deteriorating the conversion rate, selectivity, and the like.
This makes it possible to increase the amount of starting
material supplied and to greatly improve the production
efficiency of the target fluorine-containing alkane.

The catalytic activity of the catalyst varies depending on
the types of catalyst metal and carrier used, and the amount
of the catalyst metal supported. When identical catalyst
metals and carriers are used, although there is an upper limit,
there is a tendency for the catalytic activity to rise as the
amount of the catalyst metal supported increases. Therefore,
when catalysts comprising identical noble metal compo-
nents are supported on identical carriers in different
amounts, the fluorine-containing compound and hydrogen
gas, which are starting materials, should be sequentially
contacted with a catalyst comprising a smaller amount of
noble metal component supported followed by a catalyst
comprising a larger amount of noble metal component
supported.

A catalyst can be made into one that has a lower catalytic
activity by mixing it with an inactive substance to dilute it.
An example of such an inactive substance is activated
carbon, but is not limited thereto. When catalysts comprising
different types of catalyst metal and/or carrier are used, by
performing a preliminary experiment using the same starting
material as that actually used, the intensity of the catalytic
activity can be easily determined.

When a plurality of catalysts having different catalytic
activities are used, the proportion of catalysts is not particu-
larly limited and can be suitably selected, depending on the
level of activity of the catalyst used, so as to suppress the
heating during reaction, to prevent an excessive temperature
rise, and to maintain the desirable conversion rate of the
starting material and selectivity of the target product, as long
as it meets the requirement that the fluorine-containing
compound and hydrogen gas, which are starting materials,
are made to contact with a catalyst having a smaller catalytic
activity sequentially followed by that having a higher cata-
Iytic activity. For example, the proportion of the catalyst
used may be such that, relative to 100 parts by weight of the
catalyst having the highest activity, the total amount of other
catalysts is about 50 to 400 parts by weight, and preferably
about 70 to 300 parts by weight.

The structure of the reaction apparatus is not particularly
limited. As an example of a usable reaction apparatus, two
or more gas phase reactors are connected in series, wherein
a catalyst having the lowest catalytic activity is placed in the
first reactor of the reaction apparatus, and catalysts having
sequentially higher catalytic activities are placed in the
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second and following reactors sequentially. Furthermore, it
is also possible to use a single gas phase reactor, rather than
a plurality of reactors, wherein a catalyst having the lowest
catalytic activity is placed near the entrance and a catalyst
having the highest catalytic activity is placed near the exit,
so that the catalytic activities of the catalysts are sequentially
arranged from low to high in the direction along which the
starting material gas flows.

An example of each reactor usable in the reaction appa-
ratus described above includes a tubular flow reactor.
Examples of flow reactors include adiabatic reactors, multi-
tubular reactors that are cooled using a heat transmittance
medium. Preferably, the reactor is made of a material that is
resistant to the corrosive action of hydrogen fluoride, such as
Hastelloy, Inconel, Monel, or the like.

Because the production method of the present invention
allows heating to be suppressed during the reaction, the
target fluorine-containing alkane can be produced at a high
production efficiency without actively performing cooling.
Fluorine-containing alkane can be efficiently produced by,
for example, a reaction apparatus with a simple structure
such as only having cooling fins, without having to introduce
a diluent into the reaction mixture as a coolant or use a
complicated reaction apparatus provided with a jacket or an
internal cooling coil.

The reaction temperature is not particularly limited but it
must be set lower than the ignition point of hydrogen. The
reaction temperature is generally about 50 to 400° C.,
preferably about 50 to 390° C., and more preferably about 50
to 380° C. The production method of the present invention
can suppress heating during the reaction; therefore, com-
pared to conventional methods, even in the case where the
amount of starting material introduced is increased, the
reaction temperature can be controlled within the above
mentioned range. This allows the target fluorine-containing
alkane to be produced at a high production efficiency.

The pressure during the reaction is not particularly limited
and the reaction may be performed under reduced pressure,
ordinary pressure, or the application of pressure. Usually, the
reaction may be performed under a level of pressure that is
close to atmospheric pressure (0.1 MPa).

The amount of hydrogen gas used is preferably about 1 to
10 mol, preferably about 1 to 8 mol, and more preferably
about 1 to 5 mol per mole of the starting material, i.e., at
least one fluorine-containing compound selected from the
group consisting of chlorine-containing fluoroalkanes and
fluorine-containing alkenes.

The reaction time is not particularly limited and, when a
chlorine-containing fluoroalkane is used as the starting
material, it is preferable that the reaction time be selected in
such a manner that the contact time represented by W/Fo,
i.e., the ratio of the total weight of the catalyst used in all
stages of the reaction W (g) relative to the total flow rate Fo
(the flow rate: cc/sec at 0° C. and 0.1 MPa) of the starting
material gases (i.e., the total amount of the fluorine-con-
taining compound and hydrogen gas) that are supplied to the
reaction apparatus, is generally about 0.5 to 60 g-sec/cc,
more preferably about 1 to 50 g-sec/cc, and still more
preferably about 1 to 40 g-sec/cc. Furthermore, when fluo-
rine-containing alkene is used as the starting material, the
contact time represented by W/Fo is preferably about 0.5 to
30 g-sec/cc, more preferably about 0.5 to 20 g-sec/cc, and
still more preferably about 0.5 to 15 g-sec/cc.

Advantageous Effects of Invention

In terms of the method for producing fluorine-containing
alkane wherein chlorine-containing fluoroalkane or fluorine-
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containing alkene is used as a starting material and reacted
with hydrogen gas, the present invention provides a method
that can suppress the temperature rise during the reaction
without decreasing the conversion rate and selectivity; there-
fore, it can significantly improve the production efficiency
by increasing the introduction rate of the starting material.

DESCRIPTION OF EMBODIMENTS

The present invention is explained in further detail below
with reference to the Examples.

Example 1

Using a reaction tube made of SUS having an inside
diameter of 50 mm and a length of 128 cm, 530 g of a
catalyst containing Pd supported on activated carbon (the
amount of Pd supported: 0.1% by weight (the total amount
of the carrier and Pd is defined as 100% by weight) (0.1 wt
% Pd/C catalyst) was placed in the area within the range of
about 10 to 70 cm from the entrance of the reaction tube and
530 g of a catalyst containing Pd supported on activated
carbon (the amount of Pd supported: 0.25% by weight) (0.25
wt % Pd/C catalyst) was placed in the area within the range
of'about 70 to 120 cm from the entrance. The catalysts were
dried at 150° C. and reduced by flowing hydrogen at 200° C.
beforehand.

After heating the reaction tube described above to about
260° C. using a heater, CF;CF,CH,Cl (HCHC-235c¢cb) and
hydrogen were supplied therein at a rate of 945 ml/min (the
flow rate at 0° C. and 0.1 MPa, the same applies to the
following) and 1,920 ml/min respectively.

The exit gas from the reactor was analyzed by gas
chromatography, with the result that the conversion of
CF,CF,CH,Cl (HCFC-235c¢cb) was 94.5% and the selectiv-
ity of CF;CF,CH; (HFC-245¢cb) was 96.9%. The maximum
temperature inside the reactor was 336° C.

This method obtained the target product, i.e., CF,CF,CH,
(HFC-245c¢cb), at a rate of 865 ml/min (0.82 ml/min/g-cat).

Comparative Example 1

1,059 g of catalyst containing Pd supported on activated
carbon (the amount of Pd: 0.25% by weight) (0.25 wt %
Pd/C catalyst) was placed in a reaction tube made of SUS
having an inside diameter of 50 mm and a length of 128 cm.
The catalyst was dried at 150° C. and reduced by flowing
hydrogen at 200° C. beforehand.

After heating the reaction tube described above to about
260° C. using a heater, CF;CF,CH,Cl (HCFC-235¢cb) and
hydrogen were supplied therein at a flow rate of 702 ml/min
and 1,991 ml/min respectively.

The exit gas from the reactor was analyzed by gas
chromatography, with the result that the conversion of
CF,CF,CH,Cl (HCFC-235c¢cb) was 95.5% and the selectiv-
ity of CF;CF,CH,(HFC-245cb) was 96.7%. The maximum
temperature inside the reactor was 381° C.

This method obtained the target product, i.e., CF;CF,CH;,
(HFC-245cb), at a rate of 648 ml/min (0.61 ml/min/g-cat).

In Example 1 and Comparative Example 1, almost the
same amounts of catalysts were used. However, in Example
1, the half amount thereof was a catalyst having low
catalytic activity. Comparing the results of Example 1 to
those of Comparative Example 1, the conversion rate of the
starting material and the selectivity of fluorine-containing
alkane were almost the same; however, the temperature rise
in the reactor was suppressed in Example 1 compared to
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Comparative Example 1. As a result, in contrast to Com-
parative Example 1 wherein the introduction amount of the
starting material could not be increased, the introduction
amount of the starting material in Example 1 could be
increased, enhancing the production amount of the target
product, i.e., CF;CF,CH; (HFC-245eb) per unit time.

Example 2

Using a reaction tube made of SUS having an inside
diameter of 25 mm and a length of 140 cm, 100 g of a
catalyst containing Pd supported on activated carbon (the
amount of Pd supported: 0.2% by weight) (0.2 wt % Pd/C
catalyst) was placed in the area within the range of about 10
to 50 cm from the entrance of the reaction tube, 100 g of
catalyst containing Pd supported on activated carbon (the
amount of Pd supported: 0.3% by weight) (0.3 wt % Pd/C
catalyst) was placed in the area within the range of about 50
to 90 cm from the entrance of the reaction tube, and 100 g
of catalyst containing Pd supported on activated carbon (the
amount of Pd supported: 0.6% by weight) (0.6 wt % Pd/C
catalyst) was placed in the area within the range of about 90
to 130 cm from the entrance of the reaction tube. The
catalysts were dried at 150° C. and reduced by flowing
hydrogen at 200° C. beforehand.

From the entrance of the reaction tube where the 0.2 wt
% Pd/C catalyst was placed, hexafluoropropene
(CF;CF—CF,) and hydrogen were flowed into the reaction
apparatus described above at flow rates of 1,597 ml/min and
2,256 ml/min respectively. The internal temperature of the
reaction tube when the hydrogen and hexafluoropropene
were introduced was 25° C.

The exit gas from the reactor was analyzed by gas
chromatography, with the result that the conversion of
hexafluoropropene was 98.9% and the selectivity of
CF;CHFCHF, (HFC-236ea) was 100%. The maximum tem-
perature inside the reactor was 268° C.

This method made it possible to obtain the target product,
i.e., CF;CHFCHF,(HFC-236ea), at a rate of 1,578 ml/min
(5.26 ml/min/g-cat).

Comparative Example 2

270 g of catalyst containing Pd supported on activated
carbon (the amount of Pd supported: 3% by weight) (3 wt %
Pd/C catalyst) was placed in a reaction tube made of SUS
having an inside diameter of 25 mm and a length of 120 cm,
followed by ice-cooling. The catalyst was dried at 150° C.
and reduced by flowing hydrogen at 200° C. beforehand.

Into the reaction tube described above, hexafluoropropene
and hydrogen were supplied at flow rates of 769 ml/min and
1,662 ml/min respectively. The internal temperature of the
reaction tube when the hydrogen and hexafluoropropene
were introduced was 0° C.

The exit gas from the reactor was analyzed by gas
chromatography, with the result that the conversion of
hexafluoropropene was 100% and the selectivity of
CF;CHFCHF, (HFC-236ea) was 99.6%. The maximum
temperature inside the reactor was 293° C.

This method made it possible to obtain the target product,
i.e., CF;CHFCHF,(HFC-236ea), at a rate of 764 ml/min
(2.83 ml/min/g-cat).

In Example 2 and Comparative Example 2 described
above, reaction apparatuses having almost the same size
were used and the amounts of catalyst used were also almost
the same. The difference lies in that three types of catalysts
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having different activities were used in Example 2 but a
single catalyst having high activity was used in Comparative
Example 2.

Comparing the results of Example 2 to those of Com-
parative Example 2, the conversion rate and selectivity were
almost the same level. However, in Comparative Example 2,
regardless of the use of an ice-cooled reaction tube, the
temperature significantly rose during the reaction; therefore,
the introduction amount of the starting material could not be
increased. In contrast, although no ice-cooling or like active
cooling was performed, the temperature rise in the reaction
tube was suppressed in Example 2. This allowed the intro-
duction amount of the starting material to be increased,
enhancing the production amount of the target product, i.e.,
CF;CHFCHF, (HFC-236ea) per unit of time.

Example 3

Using a reaction tube made of SUS having an inside
diameter of 25 mm and a length of 140 cm, 100 g of catalyst
containing Pd supported on activated carbon (the amount of
Pd supported: 0.2% by weight) (0.2 wt % Pd/C catalyst) was
placed in the area within the range of about 10 to 50 cm from
the entrance of the reaction tube, 100 g of catalyst containing
Pd supported on activated carbon (the amount of Pd sup-
ported: 0.3% by weight) (0.3 wt % Pd/C catalyst) was placed
in the area within the range of about 50 to 90 cm from the
entrance of the reaction tube, and 100 g of catalyst contain-
ing Pd supported on activated carbon (the amount of Pd
supported: 0.6% by weight) (0.6 wt % Pd/C catalyst) was
placed in the area within the range of about 90 to 130 cm
from the entrance of the reaction tube. The catalysts were
dried at 150° C. and reduced by flowing hydrogen at 200° C.
beforehand.

The reaction tube described above was heated to 150° C.
using a heater, and CF;CF—CHF (HFC-1225ye) and hydro-
gen were flowed at 1,032 ml/min and 2,515 ml/min respec-
tively from the entrance of the reaction tube where 0.2 wt %
Pd/C catalyst was placed. The internal temperature of the
reaction tube was 150° C. when the hydrogen and penta-
fluoropropene were introduced.

The exit gas from the reactor was analyzed by gas
chromatography, with the result that the conversion of
CF;CF—CHF (HFC-1225ye) was 98.0% and the selectivity
of CF,CHFCH,F (HFC-245eb) was 99.4%. The maximum
temperature inside the reactor was 292° C.

This method made it possible to obtain the target product,
i.e., CF;CHFCH,F (HFC-245¢b), at a rate of 1,005 ml/min.

Comparative Example 3

38 g of catalyst containing Pd supported on activated
carbon (the amount of Pd supported: 3% by weight) (3 wt %
Pd/C catalyst) was placed in a reaction tube made of SUS
having an inside diameter of 20 mm and a length of 68 cm.
The catalyst was dried at 150° C. and reduced by flowing
hydrogen at 200° C. beforehand.

Into the reaction tube described above, CF;CF—CHF
(HFC-1225ye) and hydrogen were flowed at flow rates of
267 ml/min and 1,065 ml/min respectively. The internal
temperature of the reaction tube when hydrogen and penta-
fluoropropene were introduced was 25° C.

The exit gas from the reactor was analyzed by gas
chromatography, with the result that the conversion of
CF;CF—CHF (HFC-1225ye) was 99.5% and the selectivity
of CF;CHFCH,F (HFC-245¢eb) was 98.9%. The maximum
temperature inside the reactor was 245° C.
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This method made it possible to obtain the target product,
i.e., CF;CHFCH,F (HFC-245eb), at a rate of 262 ml/min.

In Example 3 and Comparative Example 3 described
above, reaction apparatuses with different sizes were used.
Due to the large amount of heat generated, a larger reaction
apparatus could not be used in Comparative Example 3. As
to the catalyst, three types of catalysts having different
catalytic activities were used in Example 3, but a single
catalyst having high activity was used in Comparative
Example 3. As a result, because a large amount of heat was
generated by the reaction, the amount of catalyst used was
limited in Comparative Example 3.

Comparing the results of Example 3 to those of Com-
parative Example 3, they are similar in the conversion rate
and selectivity, but due to the heat generated, the introduc-
tion amount of the starting material could not be increased
in Comparative Example 3. In contrast, in Example 3, the
temperature rise in the reaction tube was suppressed; there-
fore, the production amount of CF;CHFCHF, (236ea) per
unit of time was increased.

The invention claimed is:

1. A method for producing fluorine-containing alkane
comprising reacting at least one chlorine-containing fluoro-
alkane with hydrogen gas in the presence of catalysts having
different catalytic activities,

wherein the catalysts having different catalytic activities

are:

those containing Pd supported on activated carbon with

different supporting amounts; or

those made by mixing Pd supported on activated carbon

with an activated carbon to dilute it in different dilution
rates, and

wherein the at least one chlorine-containing fluoroalkane

and hydrogen gas, which are starting materials, are
sequentially contacted with a catalyst containing a
smaller amount of Pd to a catalyst containing a larger
amount of Pd.
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2. The method according to claim 1, wherein the reaction
proceeds in a reaction apparatus in which two or more
reaction tubes charged with catalysts having different cata-
Iytic activities are connected in series.

3. The method according to claim 1, wherein the chlorine-
containing fluoroalkane is at least one member selected from
the group consisting of:

a compound represented by Formula (1):

R'—CCly (s iy HF i —CCly gy HF,—CCly (1
HF,
wherein R! is a C,_, alkyl group, a hydrogen atom, a fluorine
atom, or a C, _, fluoroalkyl group that may contain a chlorine
atom(s); n, m, o and p are each individually an integer of 0
to 2; q and r are each individually an integer of 0 to 3, with
the proviso that n+ms=2, o+p=2, q+r=<3, and n+m+o+p+q+
r=6; provided that when R" is neither a fluoroalkyl group nor
a fluorine atom, the sum of m, p and r is 1 or greater; and
a compound represented by Formula (2):

CCls (o HaF —CCly ooy F g

wherein a, b, ¢ and d are each individually an integer of
0 to 3, a+b=<3, c+d=3, b+dz1, and a+b+c+ds<5.
4. The method according to claim 1, wherein the chlorine-
containing fluoroalkane is a compound represented by For-
mula (1-1):

R?—CCly ;o HF—CCls 1, o HF,

wherein R? is a C,_; alkyl group, a hydrogen atom, or a
fluorine atom, or a C,_; fluoroalkyl group that may
contain a chlorine atom(s); j and k are each individually
an integer of 0 to 2; 1 and t are each individually an
integer of O to 3; j+k=2; 14t<3; and j+k+1+t=4; with the
proviso that when R? is neither a fluoroalkyl group nor
a fluorine atom, the sum of k and tis 1 or greater.
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